INTRODUCTION
Hydrogeophysical data are increasingly acquired for regional groundwater mapping, to identify potential borefields, managed aquifer recharge (MAR) sites, contamination plumes and to help with assessing seawater intrusion. Within the suite of geophysical tools available, airborne electromagnetics (AEM) provides a rapid cost-effective means of mapping relatively large, hydrogeologically complex areas (Auken et al., 2006) .
In the Australian landscape context, notable for its very conductive landscapes due to high quantities of salt stored in the sub-surface, AEM, combined with ground and borehole control, is the only broad-scale technique capable of mapping groundwater systems and groundwater salinity to depths of 200-300 m (Spies & Woodgate, 2005) . A wide range of AEM systems and acquisition platforms are available (e.g. Macnae, 2007) , and the technology is now recognised as mature, capable of mapping complex groundwater hydrogeology and groundwater salinity relationships in a variety of landscape and geological settings (Lawrie et al., 2012a) .
Experience over the past 15 years has demonstrated that the use of AEM for near-surface hydrogeological investigations often requires higher resolution data than typically used in regional mineral exploration. High resolution data are required to map key functional elements of often complex hydrogeological systems (Spies & Woodgate, 2005; Auken et al., 2006; Lawrie et al., 2012) . Optimization of AEM data therefore requires careful consideration of AEM system suitability, calibration, validation and inversion methods (Green & Munday, 2004; Lane et al., 2004; Christensen & Lawrie, 2012) .
METHODS AND RESULTS
In Australia, AEM surveys have recently been used as part of an integrated approach to the rapid identification and assessment of potential Managed Aquifer Recharge (MAR) schemes (Lawrie et al., 2012b) . MAR assessment is governed by stringent national guidelines (NRMMC-EPHC-NHMRC, 2009 ) and requires teams with a broad range of geoscience
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specialists, as well as ecologists, environmental scientists, engineers, economists, and social scientists. The geoscience expertise required depends on the complexity of the hydrogeological system and the geological and landscape setting. Assessments can be particularly challenging in shallow groundwater systems where surface-groundwater, hydrosphere-biosphere and anthropogenic interactions, and groundwater processes are generally more complex and often poorly understood. In Australia, there are few locations where the hydrogeology is sufficiently understood without the need for significant additional field and laboratory data, expert analysis and modelling.
In the Broken Hill Managed Aquifer Recharge (BHMAR) project, investigations involved an integrated, multi-scale hydrogeophysical, hydrogeochemical and hydrogeological systems approach to map and assess near-surface (<100m) aquifers and aquitards in unconsolidated alluvial sediments beneath the Darling River floodplain (Lawrie et al., 2012b) . The study integrated data from an AEM survey (over an area of 7,500 km 2 ), with targeted ground electrical surveys (resistivity and IP), borehole lithological and geophysical data (induction, gamma and nuclear magnetic resonance (NMR)), hydrogeological and hydrogeochemical data obtained from a 100 borehole (7.5 km) drilling program.
Data acquisition, integration and interpretation involved a large (>50) multi-disciplinary group of geoscientists (geomorphologists, sedimentologists, regolith geoscientists, hydrogeologists, hydrogeophysicists, hydrogeochemists, geospatial analysts, remote sensing specialists, geochronologists, groundwater modelers and structural geologists), working in a team to understand the hydrogeological system and identify MAR and potential groundwater resource targets (Lawrie et al., 2012a, b) .
MAR target identification and assessment in the BHMAR study area required the acquisition of high resolution AEM data to map multiple potential targets, the key elements of the hydrogeological system, and potential recharge pathways and inter-aquifer leakage in an area with a thinly layered, complex fluvial hydrostratigraphy.
Optimization of AEM data commenced with careful consideration of AEM system suitability, calibration, validation and inversion methods (Lawrie et al., 2012a , Christensen & Lawrie, 2012 , 2014 . In this study, the choice of an appropriate AEM system for a given task was based on a staged approach utilising: (a) A derivative analysis approach to comparing various AEM systems, including forward modelling of system responses, based on geo-electric models derived from ground TEM and borehole induction profiles in the candidate areas; (b) A comparative analysis of candidate systems, consisting of both theoretical considerations and field studies including AEM test lines (Christensen & Lawrie, 2012 , 2014 .
Transdisciplinary approach
Critical to successful completion of MAR pre-commissioning maximal and residual risk assessments was an evolution in team science and project management from multidisciplinary, to interdisciplinary and finally a transdisciplinary approach (Lawrie et al., 2012a) . Multidisciplinary and interdisciplinary approaches left many science questions unresolved.
A transdisciplinary approach is a more integrative process, and permits a more comprehensive analysis of all data and interpretation (Stokols et al., 2008) .
A process was established for confirming and negating established discipline-based methods and assumptions, and conceptual models. This approach enabled the team to recognise fundamental problems in discipline approaches, helped identify critical data gaps, led to significant innovation across discipline boundaries, and was critical in the development of a hydrogeological conceptual model that underpinned MAR assessment (Lawrie et al., 2012a, b) . The approach was facilitated by advances in geophysical and sensor technologies, and supercomputing.
The success of a transdisciplinary approach is illustrated by the evolution in AEM inversions throughout the project (Figure 1) . Initially, Fast Approximate Inversions (FAI) provided within 48 hours of acquisition were used to target the drilling program used in part for AEM calibration and validation. Subsequently, a number of different (Laterally and Spatially Constrained) inversions of the AEM data were carried out, with refinements made as additional information on vertical and lateral constraints became available. Finally, a Wave Number Domain Approximate (WANDA) Inversion procedure with a 1D multilayer model and constraints in 3D, was used to produce a 3D conductivity model. A lateral correlation procedure was also developed to correlate AEM data strictly horizontally. The WANDA inversion procedure only takes days to run, and enabled rapid experimentation with regularization and lateral smoothing constraints, and combined with numerical modelling. This enabled the settings to be adjusted until a close match was achieved with the known geology, even in the shallow sub-surface.
Comparison of borehole induction logs with adjacent AEM fiduciary points confirms high confidence levels in the final inversion, however, the hydrostratigraphy mapped using all of these inversions was unable to resolve fundamental aspects of the hydrogeological system, particularly in the near-surface (top 20m), where hydrodynamic data indicated a connection between the major rivers and the underlying aquifers, either through incision and/or through faults (and bypass flow).
To resolve these issues, a transdisciplinary approach (Stokols et al., 2008) was used to investigate all underlying assumptions within discipline and inter-disciplinary approaches, including the regularization used in the AEM inversion. In modern laterally-correlated inversion of AEM data, the usefulness of the resulting inversion models depends critically on an optimal choice of the vertical and horizontal regularization of the inversion. Set the constraints too tight, and the resulting models will become overly smooth and potential resolution is lost. Set the constraints too loose, and spurious model details will appear that have no bearing on the hydrogeology. There are several approaches to an automatic choice of the regularization level in AEM inversion based predominantly on obtaining a certain pre-defined data misfit with the smoothest possible model.
In this study we used a pragmatic approach to optimizing the constraints by an iterative procedure involving all available geological, hydrogeological, geochemical, hydraulic and morphological data and understanding. In this approach, in a process of both confirming and negating established interpretations and underlying assumptions, the inversion results are judged by their ability to support a coherent conceptual model based on all available information. This approach is dependent on integrating a team of scientists, where all facets of data and interpretation are considered and questioned in a transdisciplinary analysis of the hydrogeological system. Necessary elements for this approach to succeed are the experience and professional insights of the scientists involved and a willingness and ability of scientists from diverse areas to establish a dialogue that will question and refine the inversion constraints and the quality of the final hydrogeological conceptual model.
Calibration and assessment procedures
Initially, calibration of the AEM dataset included hover tests were used in conjunction with a ground geophysical (WalkTEM) survey to assist with AEM data calibration and inversion. To further assist with calibration and assessment of the AEM data and the final WANDA inversions, new procedures were developed for borehole induction logging and calibration (Lawrie et al., 2012a) . These provided greater confidence in the borehole geophysical conductivity measurements. This method offers an extension of previous calibration methods in that it uses a suite of calibration experiments to derive a statistically robust transfer function between measured voltage and conductivity.
Subsequently, a new, more consistent concept with an uncertainty-normalised quantitative measure of misfit was also developed for the comparison between AEM inversion model conductivities and borehole conductivity logs and applied to 92 boreholes within the BHMAR area. An R 2 > 0.94 was obtained for FID point comparisons with bores distributed throughout the project area that were not used as inversion constraints (Lawrie et al., 2012a) .
Bayesian inference via a reversible jump Markov Chain Monte Carlo (RJ-McMC) inversion for nine selected AEM data sets also provided useful (quantitative) assessment of the final inversion models. Overall, the borehole conductivity log and the AEM inversion model lie around the centre of the McMC likelihood interval, with a few exceptions (Lawrie et al., 2012a) . This analysis provided increased confidence in the final WANDA inversions.
CONCLUSIONS
This study has demonstrated the importance of selecting the most appropriate AEM system and optimizing the AEM inversions for generating a wide range of customized interpretation products.
A pragmatic approach to optimizing the AEM inversion constraints was achieved using an iterative procedure involving all available geological, hydrogeological, geochemical, hydraulic and morphological data and understanding. In this approach, in a process of both confirming and negating established interpretations and underlying assumptions, the inversion results are judged by their ability to support a coherent conceptual model based on all available information. This approach is dependent on integrating a team of scientists, where all facets of data and interpretation are considered and questioned in a transdisciplinary analysis of the hydrogeological system. Necessary elements for this approach to succeed are the experience and professional insights of the scientists involved and a willingness and ability of scientists from diverse areas to establish a dialogue that will question and refine the inversion constraints and the quality of the final hydrogeological conceptual model. This approach has been essential to the identification and assessment of MAR and groundwater extraction options in the Broken Hill Managed Aquifer Recharge project. The resultant improved 3D conductivity model revealed details of the hydrostratigraphy and neotectonics. Prior to the mapping of near-surface hydrostratigraphy and structural features, it had not been possible to explain apparently contradictory data, nor develop a plausible hydrogeological conceptual model. 
